Introduction
============

Tinnitus is the perception of sound in the absence of an external source ([@b1-ijmm-44-04-1473],[@b2-ijmm-44-04-1473]); it is a common phenomenon, with worldwide prevalence estimates ranging between 7 and 25% of the general population ([@b3-ijmm-44-04-1473]-[@b9-ijmm-44-04-1473]). Approximately 1-2% of people suffer from severe or chronic tinnitus ([@b3-ijmm-44-04-1473]-[@b7-ijmm-44-04-1473],[@b9-ijmm-44-04-1473]), which can lead to depression, anxiety, insomnia, cognitive dysfunction and stress ([@b10-ijmm-44-04-1473],[@b11-ijmm-44-04-1473]). However, the pathogenesis of tinnitus has yet to be fully elucidated; therefore, no effective treatments have been established. Several theories explaining the pathogenesis of tinnitus have been proposed, of which maladaptive auditory-somatosensory plasticity in the dorsal cochlear nucleus (DCN) of the brainstem caused by hearing loss is a well-accepted theory ([@b9-ijmm-44-04-1473]).

The DCN is the initial component of the central auditory pathway and receives auditory input from the cochlea as well as somatosensory input from the dorsal column nucleus, dorsal root ganglion, spinal trigeminal nucleus and trigeminal ganglion ([@b12-ijmm-44-04-1473],[@b13-ijmm-44-04-1473]). Thus, both auditory and somatosensory inputs are filtered through the DCN ([@b14-ijmm-44-04-1473]). Hearing loss induces a decrease in auditory input and a subsequent increase in somatosensory input to the DCN ([@b15-ijmm-44-04-1473],[@b16-ijmm-44-04-1473]); this type of cross-modal compensation, which involves maladaptive auditory-somatosensory plasticity, has been suggested as a primary mechanism underlying tinnitus ([@b17-ijmm-44-04-1473],[@b18-ijmm-44-04-1473]). In addition, this phenomenon is assumed to be caused by axonal sprouting ([@b15-ijmm-44-04-1473],[@b19-ijmm-44-04-1473]).

To date, several studies have provided evidence that a disruption in the balance of auditory and somatosensory inputs to the DCN might induce tinnitus; many of these studies use animal models of hearing loss in which the hearing is insulted in various ways, such as noise, ototoxic drugs or cochlear ablation surgery ([@b15-ijmm-44-04-1473]-[@b18-ijmm-44-04-1473],[@b20-ijmm-44-04-1473]). However, few studies have demonstrated this phenomenon using animal models of tinnitus ([@b21-ijmm-44-04-1473],[@b22-ijmm-44-04-1473]). Heeringa *et al* demonstrated redistribution of glutamatergic projections to the cochlear nucleus ([@b21-ijmm-44-04-1473]), and Kraus *et al* examined synaptic plasticity in the ventral cochlear nucleus by measuring growth associated protein 43 (GAP43) in behavioral model of tinnitus ([@b22-ijmm-44-04-1473]).

The present study aimed to investigate whether a disruption in the balance of auditory and somatosensory inputs is associated with tinnitus, and to determine the role that axonal sprouting plays in this process. When examining the pathogenesis of tinnitus, it is important to distinguish between changes that are caused by hearing loss and those related to tinnitus. Therefore, the present study compared molecular biological changes between animals with and without tinnitus following the induction of a temporary threshold shift (TTS) using the same noise exposure protocol. First, changes in auditory and somatosensory inputs were investigated by assessing the levels of vesicular glutamate transporter 1 (VGLUT1), which is exclusively associated with auditory inputs ([@b15-ijmm-44-04-1473],[@b23-ijmm-44-04-1473]), and VGLUT2, which is primarily associated with somatosensory inputs to the DCN ([@b23-ijmm-44-04-1473],[@b24-ijmm-44-04-1473]). Second, axonal sprouting, which is presumed to be the mechanism underlying the changes in the auditory and somatosensory inputs, was assessed by measuring changes in the expression levels of the following proteins: GAP43, which is a well-established marker of axonal sprouting ([@b25-ijmm-44-04-1473]-[@b27-ijmm-44-04-1473]); postsynaptic density protein 95 (PSD95), which is a postsynaptic marker; and synaptophysin, which is a presynaptic marker. Finally, changes in the protein expression levels of other factors known to be involved in axonal sprouting, such as α-thalassemia/mental retardation syndrome X-linked homolog (ATRX), growth differentiation factor 10 (GDF10), and leucine-rich repeat and immunoglobulin domain-containing 1 (Lingo1), were measured ([@b28-ijmm-44-04-1473],[@b29-ijmm-44-04-1473]). The results from the present study may further contribute to the elucidation of the pathogenesis of tinnitus.

Materials and methods
=====================

Animals
-------

All procedures used in the present study were approved by the Institutional Animal Care and Use Committee of Chung-Ang University (Seoul, Korea; Reference 2016-00092), and all animal care procedures were conducted following the guidelines provided by the Institutional Animal Care and Use Committee of Chung-Ang University. A total of 105 male Sprague-Dawley rats (age, 12-14 weeks; weight, 360-420 g) were used for this study. All animals were housed in a temperature-controlled (23±2°C) and humidity-controlled (55±5%) room with a 12-h light/dark cycle and provided food and water *ad libitum*. Auditory brainstem response (ABR) recordings, noise exposure sessions and surgical procedures were performed under anesthesia induced by intraperitoneal administration of Zoletil^®^ 50 (tiletamine-zolazepam, 40 mg/kg; Virbac Colombia, Ltd.) mixed with Rompun^®^ (xylazine, 10 mg/kg; Bayer-Korea).

Experimental design
-------------------

The present study consisted of three sections: i) Development of the TTS protocol, ii) main experiments and iii) follow-up recordings of gap prepulse inhibition of the acoustic startle reflex (GPIAS) after noise exposure. In the first section (n=7), development of the TTS protocol, after confirming the absence of hearing loss using ABR recordings (baseline), seven rats were exposed to noise at 110 decibels (dB) sound pressure level (SPL) in the 6-8 kHz narrow band for 2 h, with the right ear plugged and sutured. ABRs were recorded at 1 day and at 1, 2, 3, 4 and 8 weeks following noise exposure to assess changes in the hearing threshold over time.

The second section (n=48), main experiments, consisted of four stages that were designed to evaluate changes in auditory and somatosensory inputs, axonal sprouting, and related factors at three time points following noise exposure and in control rats not exposed to noise. Rats were assigned to the first, second, third and fourth stages. In each stage, all animals were confirmed to have no hearing loss or tinnitus using ABR and GPIAS recordings prior to noise exposure. In the first stage (n=13), ABRs were recorded at 1 day and 1 week after noise exposure and GPIAS recordings were obtained at 1 week. The rats were divided into Week 1 tinnitus (n=7) and Week 1 non-tinnitus (n=6) groups based on the results of the GPIAS recordings. Following the GPIAS recordings, tissue samples were harvested from the left DCN. In the second stage of the experiments (n=13), ABRs were recorded at 1 day and at 1 and 2 weeks following noise exposure and GPIAS recordings were obtained at 2 weeks. The rats were divided into Week 2 tinnitus (n=7) and Week 2 non-tinnitus (n=6) groups based on the results of the GPIAS recordings. Following the GPIAS recordings, tissue samples were harvested from the left DCN. In the third stage (n=15), ABRs were recorded at 1 day and at week 1, 2 and 3 following noise exposure and GPIAS recordings were obtained at 3 weeks. The rats were divided into Week 3 tinnitus (n=8) and Week 3 non-tinnitus (n=7) groups based on the results of the GPIAS recordings. Following the GPIAS recordings, tissue samples were harvested from the left DCN. In the fourth stage (n=7), age-matched controls that were not exposed to noise were screened for hearing and tinnitus using the same protocols, and tissue samples were harvested from the left DCN. Western blot analyses were performed on the DCN tissues.

The third section (n=50) of the study, follow-up recordings of GPIAS, was conducted to investigate whether rats with tinnitus at 1 week after noise exposure had tinnitus at 3 weeks. All animals were confirmed to have no hearing loss or tinnitus using ABR and GPIAS recordings prior to noise exposure. ABRs were recorded at day 1 day and at week 1, 2 and 3 following noise exposure and GPIAS recordings were obtained at 1 and 3 weeks. The rats were divided into the tinnitus and non-tinnitus groups based on the results of the GPIAS recordings at two time points.

ABR recordings
--------------

ABRs were measured with high-frequency transducers (HFT9911-20-0035) and software (ver. 2.33) from SmartEP (Intelligent Hearing Systems) in an electrically and acoustically shielded box. Subdermal electrodes were inserted into the rats and ABR signals between the subdermal electrodes at the ipsilateral mastoid and the nape of the neck were recorded with the contralateral mastoid as the return. Tone pip stimuli were delivered at frequencies of 3, 7, 11 and 15 kHz (5 msec duration; cos shaping, 21 Hz) and the sound intensity was lowered in steps of 5 dB SPL. At each frequency and sound level, the responses were amplified (×100,000), band pass-filtered (100-1,500 Hz), and averaged over 512 stimulus repetitions. The threshold was considered to be the lowest stimulus intensity that evoked a recognizable response, as assessed by two researchers.

Behavioral test for tinnitus
----------------------------

The startle response measurement system used to obtain GPIAS recordings has been described previously ([@b30-ijmm-44-04-1473],[@b31-ijmm-44-04-1473]). The system consists of a mesh cage with an accelerometer (cat. no. LIS344ALH; STMicroelectronics), a custom-made anechoic noise box, a full-range loud speaker (cat. no. TC9FSD13; Vifa/Peerless, Tymphany HK., Ltd.), an audio amplifier (cat. no. PM-5004; Marantz; Sound United LLC), a reference microphone, data acquisition hardware (NI DAQ-6341; National Instruments Corporation, Ltd.) and LabVIEW-based custom graphical user interface (GUI) software. The accelerometer sensor module was embedded beneath the bottom plate of the cage and the implemented GUI software performed the acoustic stimulation, startle response acquisition and response analysis for calculating GPIAS. Using this system, 15 gap-conditioned stimuli and 15 non-gap-conditioned stimuli were presented in a random pair order during each session to calculate the GPIAS values. The time interval between the acoustic stimulations varied randomly between 17 and 23 sec.

Prior to the first session, each animal was placed in the cage for 20 min to allow for acclimation to the measuring environment. The background noise of the acoustic stimulation had a 2 kHz bandwidth, center frequencies of 3, 7, 11 and 15 kHz, and a 60 dB SPL. The startle stimulus was a broadband noise burst of 105 dB SPL that lasted for 50 msec. The gap prepulse that occurred prior to each gap-conditioned stimulus lasted for 50 msec and its onset was 100 msec prior to the onset of the startle stimulus. The GPIAS values represent the inhibition (%) of the startle response by the gap prepulse based on the following equation: GPIAS value=\[1-(RMS-GSR/RMS-NGSR)\] ×100; where RMS-GSR and RMS-NGSR refer to the root-mean-squared (RMS) values of the gap-conditioned startle responses (GSR) and the non-gap-conditioned startle responses (NGSR), respectively. The duration for the RMS calculation was 200 msec after the beginning of a startle stimulus. Using Grubb\'s test, the outliers among the measured startle responses evoked by the acoustic stimuli were removed to obtain a better GPIAS value ([@b31-ijmm-44-04-1473]). Subsequently, two-tailed Student\'s t-test was used to determine whether there was a significant difference between the GSR and NGSR. Animals were considered to be free of tinnitus when there was a significant difference at all frequencies (P\<0.05); otherwise, they were considered to have tinnitus.

Western blot analysis
---------------------

Western blot analyses of the collected DCN samples were performed as described previously ([@b32-ijmm-44-04-1473]). Briefly, the homogenized samples were placed in a radioimmunoprecipitation assay lysis buffer (Biosesang), incubated on ice for ≥1 h and centrifuged at 15,600 × g at 4°C for 15 min (microcentrifuge model 5415R; Eppendorf). Bradford assays were performed to measure the protein concentrations in the supernatants. Subsequently, the proteins were denatured at 95°C for 5 min in 5X SDS-PAGE loading buffer (Biosesang), separated by 10% SDS-PAGE and transferred onto PVDF membranes (Immobilon-P Transfer membrane; EMD Millipore). The membranes were incubated in a blocking solution that contained 5% BSA in TBS + 0.1% Tween 20 (TBST) at room temperature for 1 h. The membranes were incubated overnight at 4°C with the following primary antibodies: Rabbit anti-VGLUT1 (1:1,000; cat. no. ab77822; Abcam); mouse anti-VGLUT2 (1:1;000; cat. no. ab79157; Abcam); mouse anti-GAP43 (1:1,000; cat. no. MAB347; EMD Millipore); mouse anti-PSD95 (1:1,000; cat. no. 36233; Cell Signaling Technology, Inc.); rabbit anti-synaptophysin (1:1,000; cat. no. 5461; Cell Signaling Technology, Inc.); mouse anti-ATRX (1:200; cat. no. sc-55584; Santa Cruz Biotechnology, Inc.); rabbit anti-GDF10 (1:1,000; cat. no. CSB-PA009343LA01HU; Cusabio Technology, LLC); rabbit anti-Lingo1 (1:1,000; cat. no. ab23631; Abcam) and rabbit anti-β-actin (1:2,000; cat. no. ab8227; Abcam). The membranes were rinsed with TBST and incubated with species-specific horseradish peroxidase-conjugated secondary antibodies, including goat anti-rabbit (1:3,000; cat. no. 7074; Cell Signaling Technology, (Inc.) and horse anti-mouse (1:3,000; cat. no. 7076; Cell Signaling Technology) at room temperature for 1 h. Protein bands were visualized using ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences) and analyzed with a ChemiDoc chemiluminescence image analyzer system (Bio-Rad Image Lab Software 5.2 version; Bio-Rad Laboratories, Inc.). The expression levels were normalized with β-actin expression levels.

Statistical analysis
--------------------

All data were analyzed using IBM SPSS software (ver. 21.0; IBM Corp.). ABR thresholds were analyzed by ANOVA, and the western blotting results were analyzed by one-way ANOVA followed by Tukey\'s post hoc test. P\<0.05 considered to indicate a statistically significant difference.

Results
=======

Development of the TTS protocol
-------------------------------

The baseline ABR thresholds of all rats prior to noise exposure ranged between 20 and 30 dB SPL at all frequencies. All rats (n=7) exhibited elevated hearing thresholds on the left side on day 1 after noise exposure, followed by recovery to near-baseline hearing levels over the subsequent 3 weeks; this confirmed the occurrence of TTS ([Fig. 1](#f1-ijmm-44-04-1473){ref-type="fig"}). The hearing thresholds on the right side did not change following noise exposure.

Main experiments
----------------

### ABR recordings

The left side ABR thresholds before and after noise exposure are provided in [Fig. 2](#f2-ijmm-44-04-1473){ref-type="fig"}. The baseline ABR thresholds of all rats prior to noise exposure ranged between 20 and 30 dB SPL at all frequencies. ABR thresholds were compared at the same time after noise exposure, and there were no notable differences among the stages or between the tinnitus and non-tinnitus groups at any stage ([Fig. 2](#f2-ijmm-44-04-1473){ref-type="fig"} and [Table SI](#SD1-ijmm-44-04-1473){ref-type="supplementary-material"}). To assess changes in ABR thresholds over time, ABR thresholds before and after noise exposure were compared at all frequencies. The ABR thresholds were significantly higher at all frequencies at 1 day and 1 week after noise exposure compared with before noise exposure ([Fig. 2A-F](#f2-ijmm-44-04-1473){ref-type="fig"}). At 2 weeks following noise exposure, ABR thresholds were significantly higher at 11 and 15 kHz compared with before noise exposure ([Fig. 2C-F](#f2-ijmm-44-04-1473){ref-type="fig"}). At 3 weeks after noise exposure, ABR thresholds were not significantly different versus before noise exposure at all frequencies ([Fig. 2E and F](#f2-ijmm-44-04-1473){ref-type="fig"}). At all time points after noise exposure, the ABR thresholds of the opposite side were maintained at 20-30 dB SPL at all frequencies, and exhibited no more than a 5 dB SPL difference compared to before noise exposure. The ABR thresholds of the age-matched controls not exposed to noise ranged from 20-30 dB SPL at all frequencies ([Table SI](#SD1-ijmm-44-04-1473){ref-type="supplementary-material"}). There was no notable difference in the ABR thresholds among the baseline of the non-tinnitus and tinnitus groups and those of the controls.

Behavioral test for tinnitus
----------------------------

At baseline for all stages before noise exposure, the GPIAS values varied among individual rats (30-70%), but all experimental rats exhibited significant differences between the GSR and NGSR at all frequencies (P\<0.05; [Table SII](#SD1-ijmm-44-04-1473){ref-type="supplementary-material"}). The GPIAS values were recorded at 1, 2 and 3 weeks after noise exposure in the first, second and third stages, respectively. In 22 of 41 rats (Week 1, n=7/13; Week 2, n=7/13; Week 3, n=8/15), there were no significant differences between the GSR and NGSR at one or more frequencies (P\>0.05); therefore, these 22 rats (53.7%) were considered to display behavioral signs of tinnitus. In the first, second and third stages, the remaining 19 rats exhibited significant differences between the GSR and NGSR at all frequencies, as they did before noise exposure (P\<0.05); therefore, these rats were considered to not exhibit behavioral evidence of tinnitus. The age-matched controls not exposed to noise also displayed significant differences between the GSR and NGSR at all frequencies (P\<0.05; [Table SII](#SD1-ijmm-44-04-1473){ref-type="supplementary-material"}).

VGLUT1 and VGLUT2 expression levels
-----------------------------------

VGLUT1 and VGLUT2 protein expression levels in the control, tinnitus and non-tinnitus groups were examined by western blotting ([Fig. 3](#f3-ijmm-44-04-1473){ref-type="fig"}). The expression level of VGLUT1 in the non-tinnitus group did not exhibit a significant change compared to that of the control group at 1 week after noise exposure; however, a significant decrease was identified at 2 and 3 weeks post-exposure. In the tinnitus group, the expression level of VGLUT1 was significantly lower at 1 week after noise exposure compared to the non-tinnitus group at 1 week and the control group, and further decreased at 2 weeks, although it was not significant compared to that at 1 week. At 3 weeks after noise exposure, the VGLUT1 expression levels rebounded to a level that did not differ significantly from those of the non-tinnitus group at 3 weeks.

There were no significant changes in VGLUT2 protein expression levels following noise exposure in the non-tinnitus group. In addition, the expression levels of VGLUT2 in the non-tinnitus groups did not exhibit significant differences compared to those of the control group. On the other hand, the VGLUT2 expression level of the tinnitus group at 3 weeks was significantly higher compared with expression at 1 and 2 weeks. In addition, this increase was also significantly different compared to the non-tinnitus groups and the control group. The VGLUT2/VGLUT1 ratio was also increased significantly in the tinnitus group at 3 weeks after noise exposure compared with that at 2 weeks, and was significantly higher compared with the non-tinnitus groups. This result indicated a disruption in the balance of auditory and somatosensory inputs to the DCN in the tinnitus group at 3 weeks.

Axonal sprouting-related factors
--------------------------------

In the tinnitus group, GAP43 levels exhibited a significant increase at 3 weeks following noise exposure compared with those at 1 and 2 weeks ([Fig. 4](#f4-ijmm-44-04-1473){ref-type="fig"}). In addition, GAP43 levels of the tinnitus group were significantly higher than those of the control and non-tinnitus groups at 3 weeks after noise exposure.

Synaptophysin and PSD95 are pre- and postsynaptic markers, respectively. The protein expression levels of synaptophysin and PSD95 were decreased in the tinnitus and non-tinnitus groups at 1 and 2 weeks following noise exposure compared with the control group, but exhibited an increase at 3 weeks compared to the levels at 2 weeks ([Fig. 4](#f4-ijmm-44-04-1473){ref-type="fig"}). At 3 weeks post-noise exposure, these expression levels exhibited greater increases in the tinnitus group relative to the non-tinnitus group but the differences were not statistically significant.

In the tinnitus group, GDF10 expression levels exhibited significant increases at 3 weeks after noise exposure compared with those at 1 and 2 weeks ([Fig. 5](#f5-ijmm-44-04-1473){ref-type="fig"}). In addition, GDF10 levels of the tinnitus group at 3 weeks were significantly higher than those of the control and non-tinnitus groups at 1 and 2 weeks. ATRX and Lingo1 expression tended to increase at 3 weeks after noise exposure in the tinnitus group. This time point is consistent with the significant increases in VGLUT2 and GAP43 expression levels ([Fig. 5](#f5-ijmm-44-04-1473){ref-type="fig"}).

Follow-up recordings of GPIAS after noise exposure
--------------------------------------------------

The baseline ABR thresholds of all rats prior to noise exposure ranged between 20 and 30 dB SPL at all frequencies. All rats exhibited elevated hearing thresholds on the left side on day 1 after noise exposure, followed by recovery to near-baseline hearing levels over the following 3 weeks. ABR thresholds were compared at the same time after noise exposure, and there were no significant differences between the tinnitus and non-tinnitus groups. The hearing thresholds on the right side did not change following noise exposure ([Fig. 6](#f6-ijmm-44-04-1473){ref-type="fig"} and [Table SIII](#SD1-ijmm-44-04-1473){ref-type="supplementary-material"}).

At 1 week (27/50) and at 3 weeks (26/50) after noise exposure, rats showed no significant differences between the GSR and NGSR at one or more frequencies (P\>0.05); therefore, these rats were considered to display behavioral signs of tinnitus. A total of 22 out of the 27 rats that were judged to have tinnitus at 1 week had tinnitus by 3 weeks (81.5%), and 22 of the 26 rats that were judged to have tinnitus at 3 weeks had tinnitus at 1 week (84.6%) ([Table I](#tI-ijmm-44-04-1473){ref-type="table"}).

Discussion
==========

Maladaptive auditory-somatosensory plasticity is presumed to be an important mechanism underlying the development of tinnitus ([@b9-ijmm-44-04-1473],[@b33-ijmm-44-04-1473]), and the DCN has been identified as a primary central nervous system region that integrates auditory and somatosensory inputs. Therefore, several studies examined changes in the DCN after altering auditory input in a variety of ways using noise or ototoxic drugs ([@b9-ijmm-44-04-1473],[@b15-ijmm-44-04-1473]-[@b24-ijmm-44-04-1473],[@b34-ijmm-44-04-1473]-[@b36-ijmm-44-04-1473]). Maladaptive plasticity following auditory damage is thought to induce aberrant neural activity in the DCN, such as increased spontaneous firing rates and synchrony ([@b9-ijmm-44-04-1473],[@b15-ijmm-44-04-1473],[@b17-ijmm-44-04-1473]); that is, an increase in somatosensory nerve distribution in the DCN may be the primary mechanism underlying tinnitus, and these modifications may occur via axonal sprouting ([@b15-ijmm-44-04-1473]). It has been reported that auditory and somatosensory projections are exclusively associated with synapses that express VGLUT1 and VGLUT2, respectively ([@b15-ijmm-44-04-1473],[@b23-ijmm-44-04-1473],[@b24-ijmm-44-04-1473]). Thus, changes in neural input can be observed by assessing changes in VGLUT expression. A number of studies have demonstrated that cross-modal compensation occurs in the ipsilateral DCN after cochlear insults, as evidenced by decreases in VGLUT1, which reflects auditory inputs, and increases in VGUT2, which reflects non-auditory inputs ([@b15-ijmm-44-04-1473],[@b16-ijmm-44-04-1473],[@b21-ijmm-44-04-1473],[@b34-ijmm-44-04-1473]).

The present study used GPIAS to screen for tinnitus; GPIAS is the most widely used method and has been demonstrated in several studies ([@b22-ijmm-44-04-1473],[@b37-ijmm-44-04-1473]-[@b39-ijmm-44-04-1473]). However, a caveat is appropriate; if both ears exhibit signs of hearing loss, there may be no significant difference between the GSR and NGSR, and GPIAS may then measure hearing loss rather than tinnitus ([@b15-ijmm-44-04-1473]). Therefore, when inducing hearing loss to trigger tinnitus, it is necessary to protect the other ear from such loss. In the present study, the right ear of each rat was protected, and the ABR recording confirmed that hearing loss was not apparent on the right side. The present study employed TTS to induce cochlear insults and found reductions in VGLUT1 levels after noise exposure, which is consistent with previous findings ([@b15-ijmm-44-04-1473],[@b21-ijmm-44-04-1473],[@b32-ijmm-44-04-1473],[@b33-ijmm-44-04-1473]). In addition, comparisons of the tinnitus and non-tinnitus groups revealed that the tinnitus group exhibited a greater decrease in VGLUT1 expression levels; this occurred earlier (i.e., in the first week after noise exposure) compared with the non-tinnitus group, which showed a decrease in VGLUT1 level at 2 weeks. These results suggest that differences in the reduction of auditory synapses in the DCN between the tinnitus and non-tinnitus groups might be related to the occurrence of tinnitus after experiencing the same degree of TTS noise exposure. The greater the reduction in auditory input, the more likely it is that subsequent changes will take place and ultimately contribute to the development of tinnitus. Similar results at the cochlear level were reported by Rüttiger *et al* ([@b40-ijmm-44-04-1473]), in which animals with tinnitus experienced more severe ribbon synapse loss in inner hair cells and a greater degree of high-frequency hearing impairment after the same noise exposure.

Subsequently, the decreased levels of VGLUT1 in the tinnitus group at 2 weeks increased at 3 weeks following noise exposure. This was consistent with a previous study that used a unilateral deaf model and reported that reductions in VGLUT1 levels do not persist at 3 and 6 weeks after noise exposure ([@b16-ijmm-44-04-1473]); it was proposed that this change may be due to a temporary shift in parallel fiber intrinsic connections ([@b16-ijmm-44-04-1473],[@b23-ijmm-44-04-1473]). A recent study that investigated VGLUT expression in the cochlear nucleus of guinea pigs after TTS reported that the VGLUT1 expression levels in the deep layer of the DCN (DCN3), the granule cell domain and the ventral cochlear nucleus of the tinnitus group did not differ from those of sham-exposed controls at 12 weeks following noise exposure ([@b21-ijmm-44-04-1473]). Even in the molecular layer of the DCN (DCN1), all noise-exposed animals in both the tinnitus and non-tinnitus groups exhibited significant increases in VGLUT1 expression ([@b21-ijmm-44-04-1473]). Therefore, although VGLUT1 expression might exhibit an immediate decrease after a cochlear insult in animals with tinnitus, this decrease does not persist and appears to be at least partially restored ([@b16-ijmm-44-04-1473]).

VGLUT2 reflects non-auditory projections to the DCN ([@b24-ijmm-44-04-1473]). Taken together, increases in VGLUT2 and decreases in VGLUT1 following TTS may indicate that somatosensory inputs increase in conjunction with decreases in auditory input. This idea is consistent with the findings of previous studies ([@b15-ijmm-44-04-1473],[@b16-ijmm-44-04-1473],[@b21-ijmm-44-04-1473]), and the changes were more evident in the tinnitus group in the present study. In contrast to a previous study investigating unilateral deafened guinea pigs, in which there were increases in VGLUT2 at week 2 after deafening ([@b15-ijmm-44-04-1473]), the present study demonstrated that VGLUT2 levels exhibited a significant increase at 3 weeks following noise exposure. As a TTS model rather than a deaf model was used in the present study, it is possible that less severe damage to auditory inputs caused the relatively later increase in subsequent non-auditory inputs.

Several previous studies have reported that auditory damage after noise or salicylate exposure increases the expression of various synaptic markers, including GAP43 and synaptophysin, in the cochlear nucleus ([@b22-ijmm-44-04-1473],[@b35-ijmm-44-04-1473],[@b41-ijmm-44-04-1473]-[@b44-ijmm-44-04-1473]). GAP43 is a neuronal growth cone marker that denotes synaptogenesis and axonal outgrowth ([@b25-ijmm-44-04-1473]). Consistent with previous studies, the present study demonstrated marked upregulation of GAP43 levels at 3 weeks after TTS only in the tinnitus group, which may reflect vigorous axonal sprouting. The timeline of this change may be associated with significant increases in VGLUT2 at 3 weeks after noise exposure. Taken together, the concomitant increases in GAP43 and VGLUT2 observed in the present study indicated that the increases in non-auditory input may be derived from axonal sprouting. Synaptophysin and PSD95 can be used for quantification of synapses ([@b36-ijmm-44-04-1473],[@b45-ijmm-44-04-1473],[@b46-ijmm-44-04-1473]). Decreased expression of these markers at 1-2 weeks after TTS may reflect the degeneration of synaptic endings following acoustic trauma, which is consistent with the reduction of synaptophysin expression in the DCN of chinchillas at 10 days after acoustic trauma ([@b35-ijmm-44-04-1473],[@b36-ijmm-44-04-1473]). However, the decreased expression of these markers was reversed at 3 weeks following noise exposure in the present study. Although this change might be explained by the compensatory genesis of new synapses after damage, there were no significant differences between the tinnitus and non-tinnitus groups.

ATRX, GDF10 and Lingo1 are factors that mediate axonal sprouting and are present at significantly higher levels in sprouting neurons ([@b28-ijmm-44-04-1473],[@b29-ijmm-44-04-1473]). Axonal outgrowth in injured neurons is promoted through the transforming growth factor (TGF)-β signaling pathway ([@b28-ijmm-44-04-1473],[@b47-ijmm-44-04-1473]-[@b49-ijmm-44-04-1473]) and GDF10 is highly upregulated during the initiation of axonal sprouting, enhancing axonal sprouting through TGF-β receptors ([@b28-ijmm-44-04-1473]). Our previous study reported that animals treated with losartan, an inhibitor of the TGF-β signaling pathway, exhibited a smaller VGLUT2/VGLUT1 ratio and lower GAP43 levels compared with untreated controls, which suggested that losartan might be able to prevent maladaptive auditory-somatosensory plasticity ([@b32-ijmm-44-04-1473]). These regulatory proteins, which tended to be more abundant in the tinnitus group, may also be potential targets for the prevention of aberrant signal increases due to axonal sprouting.

In summary, the present study demonstrated that, compared to the non-tinnitus group, the tinnitus group exhibited an earlier decrease in VGLUT1 levels at 1 week after noise exposure and a significant increase in VGLUT2 levels at 3 weeks, as well as significant increases in the levels of GAP43 in the DCN during the same period. Taken together, these results indicated that the changes following decreases in auditory input became significant during week 3 in the tinnitus group. In addition to the suggestion that tinnitus can be explained by aberrant activity induced by plastic changes in auditory centers ([@b9-ijmm-44-04-1473],[@b14-ijmm-44-04-1473],[@b33-ijmm-44-04-1473]), it has also been suggested that cochlear-type tinnitus originates from aberrant activity occurring at the cochlear nerve or a more peripheral level ([@b50-ijmm-44-04-1473]). A number of mechanisms have been suggested to explain how increased cochlear activity causes tinnitus, including excitatory changes in mechanoelectric transduction channels in cochlear hair cells that are accompanied by alterations in the endocochlear potential following acute trauma, or the activation of *N*-methyl-d-aspartate (NMDA) receptors ([@b50-ijmm-44-04-1473]-[@b52-ijmm-44-04-1473]). The activation of NMDA receptors, which is one type of glutamatergic receptor in the pathway between inner hair cells and cochlear afferent neurons, increases the cochlear firing rate, and NMDA receptor antagonists prevent the development of tinnitus when applied within a few days of noise exposure ([@b53-ijmm-44-04-1473],[@b54-ijmm-44-04-1473]). Taken together, these data suggest that the NMDA receptor is involved in the development of noise-induced tinnitus during the acute stage ([@b52-ijmm-44-04-1473]-[@b54-ijmm-44-04-1473]). In the present study, the experimental animals exhibited behavioral evidence of tinnitus at week 1 and 2, prior to week 3, when the significant changes were observed in the DCN. This early emergence of tinnitus may be from a cochlear origin with similar mechanisms. The subsequent degeneration of cochlear fibers may have caused changes in the central auditory structure. It is important to point out that not all of our experimental rats with tinnitus at 3 weeks had tinnitus at 1 week. However, the follow-up recordings of GPIAS after noise exposure demonstrated that most of the animals that initially had tinnitus exhibited tinnitus that persisted for up to 3 weeks. Although it was not possible to observe changes at 1 week and then track those changes at 3 weeks in the same animal using the present experimental design, it was assumed that the early decrease in auditory inputs to the DCN was linked to the subsequent increases in somatosensory input and axonal sprouting. Regardless, additional studies will be needed to further assess the differences that were observed in the group that initially exhibited tinnitus, but not afterwards, compared to the group that showed persistent tinnitus.

In conclusion, results from the present study demonstrated that decreases in auditory projections was followed by increases in non-auditory projections and concomitant increases in axonal sprouting markers in the DCN of rats with tinnitus. These data provided further evidence that changes in the neural input distribution in the DCN may cause tinnitus and that axonal sprouting is the likely basis of these alterations.
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![ABR thresholds before and after noise exposure. A TTS occurred 1 day after noise exposure and the shifted thresholds recovered to near-baseline thresholds 3 weeks following exposure; n=7. Data are presented as the mean ± SD. ABR, auditory brainstem response; SPL, sound pressure level; TTS, temporary threshold shift.](IJMM-44-04-1473-g00){#f1-ijmm-44-04-1473}

![ABR thresholds before and after noise exposure in the second section. (A) Week 1 non-tinnitus group; n=6. (B) Week 1 tinnitus group; n=7. (C) Week 2 non-tinnitus group; n=6. (D) Week 2 tinnitus group; n=7. (E) Week 3 non-tinnitus group; n=7. (F) Week 3 tinnitus group; n=8. Data are presented as the mean ± SD, as determined by one-way ANOVA followed by Tukey\'s post-hoc test. ^\*^P\<0.05 vs. Baseline ABR threshold. ABR, auditory brainstem response; SPL, sound pressure level.](IJMM-44-04-1473-g01){#f2-ijmm-44-04-1473}

![VGLUT1 and VGLUT2 expression in tinnitus and non-tinnitus groups. Western blots and quantification of VGLUT1 and VGLUT2 expression levels and the VGLUT2/VGLUT1 ratio in the DCN of the tinnitus and non-tinnitus groups and the control group are presented. The tinnitus group exhibited an earlier decrease in VGLUT1 at 1 week after noise exposure and a significant increase in VGLUT2 at 3 weeks compared to the non-tinnitus group. Data are presented as the mean ± SEM, as determined by one-way ANOVA followed by Tukey\'s post-hoc test. ^\*^P\<0.05; ^†^P\<0.05 vs. Control. VGLUT, vesicular glutamate transporter.](IJMM-44-04-1473-g02){#f3-ijmm-44-04-1473}

![GAP43, synaptophysin and PSD95 expression in tinnitus and non-tinnitus groups. Western blots and quantification of GAP43, synaptophysin and PSD95 expression levels in the DCN of the tinnitus and non-tinnitus groups and the control group are presented. GAP43 levels increased significantly at 3 weeks after noise exposure in the tinnitus group. Synaptophysin levels decreased in the tinnitus group at 2 weeks after noise exposure compared to the control group but then increased at 3 weeks. Data are presented as the mean ± SEM, as determined by one-way ANOVA followed by Tukey\'s post-hoc test. ^\*^P\<0.05; ^†^P\<0.05 vs. Control. GAP43, growth-associated protein 43; PSD95, postsynaptic density protein 95.](IJMM-44-04-1473-g03){#f4-ijmm-44-04-1473}

![ATRX, GDF10 and Lingo1 expression in tinnitus and non-tinnitus groups. Western blots and quantification of ATRX, GDF10 and Lingo1 expression levels in the DCN of the tinnitus and non-tinnitus groups and the control group are presented. GDF10 levels increased significantly at 3 weeks after noise exposure in the tinnitus group. Data are presented as the mean ± SEM, as determined by one-way ANOVA followed by Tukey\'s post-hoc test. ^\*^P\<0.05; ^†^P\<0.05 vs. Control. ATRX, α-thalassemia/mental retardation syndrome X-linked homolog; GDF10, growth differentiation factor 10; Lingo1, leucine-rich repeat and immunoglobulin domain-containing 1.](IJMM-44-04-1473-g04){#f5-ijmm-44-04-1473}

![ABR thresholds before and after noise exposure in the third section. (A) Week 1 non-tinnitus/Week 3 non-tinnitus group; n=19. (B) Week 1 non-tinnitus/Week 3 tinnitus group; n=4. (C) Week 1 tinnitus/Week 3 non-tinnitus group; n=5. (D) Week 1 tinnitus/Week 3 tinnitus group; n=22. Data are presented as the mean ± SD, as determined by one-way ANOVA followed by Tukey\'s post-hoc test. ^\*^P\<0.05 vs. Baseline ABR threshold. ABR, auditory brainstem response; SPL, sound pressure level.](IJMM-44-04-1473-g05){#f6-ijmm-44-04-1473}

###### 

Total number of animals of the non-tinnitus and tinnitus groups in the third section.

  Group (week 1)   Group (week 3)        
  ---------------- ---------------- ---- ----
  Non-tinnitus     19               4    23
  Tinnitus         5                22   27
  Total            24               26   50
